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We review the viability of the sterile neutrino hypothesis in account-
ing for three observational problems of the Standard Model of particle
physics: neutrino masses and lepton mixing, dark matter and the baryon
asymmetry of the Universe. We present two alternative scenarios for the
implementation of the sterile fermion hypothesis: the νMSM and the In-
verse Seesaw.
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1 Introduction
The Standard Model (SM) of particle physics provides a coherent and successful
framework to account for an incredibly wide set of data. However, there are at least
three firm observations that cannot be accounted for in the SM, namely: the fact
that neutrinos are massive and leptons mix, the dark matter (DM) component of the
Universe and the observed baryon asymmetry of the Universe (BAU). It would be
remarkable if all the aforementioned observational problems could be accounted for
by a simple (and natural) extension of the minimal SM: the introduction of heavy-
neutral leptons∗ (HNL). HNL are absent in the minimal SM, but they arise in the
form of right-handed neutrinos (RHν) by requiring each SM field to exist for both
chirality states.
2 The minimal framework: Type-I Seesaw
By extending the SM field content by a number n of gauge singlet fermions NI , the
Lagrangian of the model gets extended by the following renormalizable interactions
L = LSM + iNI /∂NI −
(
YαI`αφ˜NI +
MIJ
2
N cINJ + h.c.
)
, (1)
where `α are the SM lepton doublets, φ˜ = iσ2φ
∗ with φ the Higgs doublet, YαI are
dimensionless Yukawa couplings, MIJ is a symmetric Majorana mass matrix and the
indices run on α = e, µ, τ and I = 1, . . . , n. The origin of the mass matrix M is un-
known: following a bottom-up approach its energy scale must be phenomenologically
identified. After the electroweak symmetry breaking (EWSB), the new interactions
in eq. (1) generate a non-zero mass matrix for the active neutrinos which, under the
assumption |Y v|  |M | (v = 246 GeV is the value of the Higgs vacuum expectation
value) reads, in the flavour basis,
mν ' −v
2
2
Y ∗M−1Y † . 1 eV. (2)
This construction results in the well-known Seesaw mechanism for the generation of
neutrino masses. It is remarkable that the very same Lagrangian in eq. (1) provides,
without further assumptions, the ingredients for a viable leptogenesis scenario: the
complex Yukawa couplings Y provide, in general, the CP-violating phases, while the
new fermion singlets NI deviate from thermal equilibrium at some time during the
early Universe expansion. Finally, the SM sphalerons violate the total baryon number
B and lepton number L by rapidly erasing any B+L asymmetry (while preserving any
∗In the following we refer to HNL that mix with the SM active neutrinos as sterile neutrinos.
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existing B − L charge) as long as they are in thermal equilibrium, for temperatures
T such that 1012 GeV & T & TEW, where TEW ' 140 GeV is the temperature of the
electroweak phase transition. In addition, HNL are natural DM candidates as well:
they are massive, weakly interacting and, depending on their masses and couplings,
they can be metastable on cosmological timescales.
2.1 Leptogenesis realisations
The third Sakharov condition states a deviation from thermal equilibrium in the early
Universe as a necessary condition to generate a baryon asymmetry: depending on the
temperature at which sterile neutrinos deviate from thermal equilibrium, it is possi-
ble to classify two main frameworks for leptogenesis. In the first one, usually dubbed
thermal leptogenesis [1], the size of the Yukawa couplings is large enough such that
an equilibrium population of sterile neutrinos is generated shortly after reheating.
When the Universe cools down to temperatures below the sterile neutrino masses,
the equilibrium number densities of the particles become exponentially suppressed,
and if sterile neutrino couplings are sufficiently weak, the actual populations are not
able to follow the equilibrium abundance; being unstable particles sterile neutrinos
eventually decay out of thermal equilibrium. Due to their Majorana character, the
out-of-equilibrium decay of the sterile neutrinos can produce a non vanishing lepton
asymmetry L, which is then converted into a baryon asymmetry by sphaleron pro-
cesses. Thermal (high-scale) leptogenesis can simultaneously account for neutrino
physics and for the observed BAU, provided a lower bound on the sterile neutrino
mass scale is fulfilled, M & 108 GeV, for the case of a non-degenerate sterile neutrino
mass spectrum [2]. This lower bound can be relaxed to the TeV scale for a degenerate
mass spectrum (resonant leptogenesis), resulting in the condition M & 100 GeV if
motivated flavour patterns are considered as well [3]. Testing the latter mass scales
is challenging in current experiments.
An alternative leptogenesis realisation at low scale was proposed by Akhmedov,
Rubakov and Smirnov (ARS mechanism) [4]. In this scenario the sterile neutrinos
are assumed to enter thermal equilibrium at much later times, typically close to
the electroweak temperature TEW: the deviation from thermal equilibrium is thus
provided during their production, rather than during their decay. This requirement
translates into a condition on the Yukawa couplings |Y | . 10−6 and, recalling eq. (2),
to
mν ' −v
2
2
Y ∗M−1Y † ' 0.3
(
GeV
M
)(
Y 2
10−14
)
eV. (3)
It is evident that, in order to reproduce the observed neutrino masses, the sterile
neutrinos are much lighter than in the thermal leptogenesis scenario, lying at the
GeV scale: the ARS mechanism has thus the attractive feature of being testable in
current and future experimental facilities. The generation of the baryon asymmetry
2
in the ARS scenario relies on a different mechanism with respect to the thermal lep-
togenesis case [5, 6]: given that the neutrino mass scale is much smaller than the
plasma temperature T , M ∼ GeV  TEW . T , the neutrino Majorana character
is suppressed, and the total lepton number (defined including all active and sterile
flavours) is approximately conserved in sterile neutrino interactions (although this is
not the case for the whole parameter space [7]). However, due to the CP-violating
nature of the Yukawa couplings Y , asymmetries in the individual (active and sterile)
lepton flavours arise during the sterile neutrino production, while their sum approxi-
mately vanishes: since SM sphalerons only couple to the active leptons, they convert
the asymmetry in this sector (and only this asymmetry) into a net baryon asymmetry.
Moreover, the final asymmetry is boosted if the sterile neutrinos exhibit a degenerate
mass spectrum, since this enhances CP-violating oscillations among different flavours:
indeed a degenerate mass spectrum is a necessary condition to reproduce the observed
BAU in the case where only 2 RH neutrinos are present, while a non-degenerate mass
spectrum is a viable scenario if at least 3 RH neutrinos contribute to the generation
of the asymmetry [8].
2.2 Sterile neutrinos as dark matter
Sterile neutrinos (and HNL in general) are in principle viable DM candidates: they
are produced in the early Universe by the oscillations of the active neutrinos in ther-
mal equilibrium, as long as an active-sterile mixing is present (Dodelson-Widrow
mechanism, DW) [9]. There exist of course a number of observational constraints
that limit the available parameter space of a sterile neutrino dark matter, including
the ones on the abundance, phase-space density, lifetime (from indirect detection)
and structure formation [10]. The latter one is especially constraining, but it is also
the most model-dependent one: sterile neutrinos produced via the DW mechanism
can be classified as warm dark matter, and are subject to strong constraints from
the Lyman-α forest data. Combined together, the mentioned constraints restrict the
DM neutrino mass at the keV scale, and exclude the viability of a sterile neutrino
produced via DW as the dominant DM component, limiting its relative abundance to
at most ∼ 30% of the total DM abundance [10]. It should however be stressed that
the large scale structure formation depends on the DM free-streaming length, and
thus on its production mechanism: alternatives to the DW mechanism giving rise to
a colder DM momentum distribution (in agreement with observation) are presented
in the following.
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3 The νMSM
The ν Minimal Standard Model (νMSM) [5] is a realisation of the Type-I Seesaw
featuring a phenomenologically motivated mass spectrum: in this model three right-
handed neutrinos are added to the SM field content, two of which (N2,3) have degen-
erate masses at the GeV scale and are at the origin of both the baryon asymmetry
of the Universe and neutrino masses, while the third state N1 has mass at the keV
scale and does not significantly contribute to the generation of neutrino masses.
In the νMSM the population of sterile neutrinos is vanishing at large temperatures
T  TEW, and the N2,3 states approach thermal equilibrium as the Universe expands:
the ARS mechanism is at play in this phase, producing an asymmetry in the sterile
and active lepton flavours, resulting in a net baryon asymmetry after sphaleron effects
are taken into account. The N2,3 states eventually thermalise during or after the elec-
troweak phase transition, when the SM sphalerons are not effective and the BAU has
frozen-out: during this phase the previously existing lepton asymmetry is washed-out,
until the moment when N2,3 kinematically freeze-out and then decay out of thermal
equilibrium. The decay process is conceptually similar to the thermal leptogenesis
scenario, but it happens at much later times, T ∼ GeV, when the temperature drops
below the (heavy) sterile neutrino masses, and thus the resulting lepton asymmetry is
not converted into a baryon asymmetry by the ineffective sphaleron transitions. On
the other hand this lepton asymmetry plays an important role in the subsequent DM
production: in the presence of a lepton-asymmetric background, the effective poten-
tial that drives the conversion of active into sterile neutrinos in the DW mechanism
gets modified, similarly to what happens to the vacuum neutrino oscillation parame-
ters in matter (MSW effect). This mechanism, known as Shi-Fuller (SF) [11], results
in a lepton number-driven resonant conversion of active into sterile neutrinos, which is
peaked at lower momenta with respect to a thermal spectrum. On the one hand, this
enhances the active-sterile conversion, requiring smaller active-sterile mixings for the
production of the observed DM relic density with respect to the DW mechanism, thus
complying with bounds from stability and indirect detection; on the other hand, the
sterile neutrinos momentum distribution is “colder” with respect to the DW mecha-
nism (where they inherit a thermal spectrum from their active siblings) thus relaxing
the bounds from structure formation. All these ingredients make it possible in the
νMSM to provide simultaneous viable solutions for the three aforementioned obser-
vational problems of the SM: as long as neutrino masses and BAU are considered,
viable solutions require a relative mass degeneracy in the heavy neutrino pair N2,3 of
the order δM/M . 10−3. Beside, and in order to account for viable DM production
as well, a large lepton asymmetry, of about 5 orders of magnitude bigger than the
observed BAU, is required in the realisation of the SF mechanism: the generation of
this lepton asymmetry in the late-time out-of-equilibrium decay of the heavy states
N2,3 requires a much stronger mass degeneracy, of the order δM/M . 10−14.
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4 The Inverse Seesaw
The Inverse Seesaw (ISS) [12] is a neutrino mass generation mechanism based on
symmetry arguments: it consists in enlarging the SM field content by the addition of
a number #νR of right-handed neutrino fields νR and of further #s fermionic sterile
singlets s with the same lepton number, the difference between them being the fact
that the s fields do not feature a Yukawa coupling with the left-handed neutrinos νL.
In the basis nL = (νL, ν
c
R, s)
T the neutrino mass terms read, in the ISS,
− Lmν =
1
2
nTLCMnL + h.c., with M =
 0 d 0dT 0 n
0 nT µ
 , (4)
where the Dirac mass matrix d is generated after the EWSB, d = vY ∗/
√
2, n is a
mass matrix coupling the new fields νR and s, µ is a symmetric Majorana mass matrix
for the s fields and C = iγ2γ0 is the charge conjugation matrix. The parameter
µ in eq. (4) is the only one that violates the total lepton number L: following ’t
Hooft naturalness argument one can assume that µ is small compared to the other
mass parameters, since in the limit µ → 0 the Lagrangian increases its symmetries.
After diagonalization, the active neutrino mass matrix is given, in the (seesaw) limit
|µ|  |d|  |n|, by
mν ' d
(
n−1
)T
µ
(
n−1
)
dT . (5)
In the ISS it is thus possible to link the smallness of neutrino masses with the smallness
of the lepton number violating parameter µ, thus allowing for viable phenomenology
even with sizeable Yukawa couplings and a relatively low new physics scale.
The ISS mass spectrum depends on the number of new fields that are intro-
duced [13]: it features in general #νL = 3 light active neutrinos with masses at the
mν scale (5), and 2#νR heavy states (that couple to form #νR pseudo-Dirac pairs)
with masses at the scale n and mass splittings of order µ. Finally, only in the scenario
where #s > #νR, (#s − #νR) light sterile states are present at the µ scale. These
light states can provide a solution to the short-baseline (anti-)neutrino oscillation
anomalies (if µ ∼ eV ) or can be viable DM candidates (for µ ∼ keV). It is possible
to identify two minimal ISS realisations: the most minimal one, dubbed (2,2) ISS,
consists in the addition of 2 right-handed neutrino fields νR and 2 sterile fields s, and
features 2 heavy pseudo-Dirac pairs of sterile neutrinos. The next-to-minimal model,
the (2,3) ISS, contains 3 sterile fields s, resulting in addition in the presence of a light
massive sterile state at the scale µ.
The natural (quasi) degeneracy in the mass spectrum of the ISS allows for an
effective leptogenesis at low scales via the ARS mechanism [14]: the mechanism can
indeed simultaneously account for viable leptogenesis and neutrino masses with a
relative mass degeneracy of order δM/M . 10−2 and sterile neutrino masses at the
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GeV scale. Interestingly, as reported in Figure 1, a large fraction of solutions is
testable in current and future experiments such as NA62, LBNF/DUNE and SHiP.
On the other hand, the ISS can simultaneously account for neutrino masses and DM
Figure 1: Mixing between the active and sterile neutrinos in the electron (left panel)
and muon (right panel) flavours, for viable leptogenesis solutions in the (2,2) ISS. The
black line denotes existing bounds, while the coloured lines refer to the sensitivity
curves of the NA62, LBNF/DUNE, FCC-ee and SHiP experiments. Blue (red) points
assume a normal (inverted) hierarchy for the light active neutrinos.
as well [10]: this is achieved in the (2,3) ISS realisation, with µ at the keV scale and
n at the TeV scale. In this scenario the Yukawa couplings are large enough such that
the heavy pseudo-Dirac neutrinos can thermalise in the early Universe, while the light
sterile state does not; this enables the freeze-in production of DM, via the decay of a
pseudo-Dirac state into a light sterile state (DM candidate) plus a Higgs boson, the
resulting DM abundance being
ΩDMh
2 ≈ 2× 10−1
(
sin θ
10−6
)2( ms
keV
)∑
I
gI
(
Yeff,I
0.1
)2(
TeV
mI
)(
1− m
2
h
m2I
)
ε (mI) , (6)
where θ is the zero temperature mixing between the active neutrinos and the light
sterile state, ms and mh are the light sterile and Higgs masses, respectively, the index
I runs over the pseudo-Dirac states with gI being their internal degrees of freedom,
Yeff,I their Yukawa couplings in the mass basis, mI their masses and ε(mI) ∈ [0, 1] a
function accounting for the temperature dependence of the active-sterile mixing due
to the evolution of the Higgs vacuum expectation value. For mI & 2 TeV, one has
ε(mI) 1, while for mI < mh, the decay channel is not kinematically open, resulting
in the viable range n ≈ [mh,TeV]. The freeze-in production mechanism partially
decouples the DM abundance from the active-sterile mixing θ, thus complying with
bounds from stability and indirect detection; moreover the resulting DM spectrum is
“colder” with respect to the DW one, relaxing structure formation bounds.
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Given that the ISS simultaneously accounts for neutrino masses and leptogenesis,
or for neutrino masses and DM, it is natural to ask if a common solution to all
these three problems can be achieved in this framework. Given the different mass
scales involved in the BAU and DM production, one could investigate a split version
of the (2,3) ISS, with the lighter pseudo-Dirac pair at the GeV scale accounting for
leptogenesis via the ARS mechanism, and the heavier one at the TeV scale accounting
for DM production via freeze-in decay. This scenario, however, is not successful in
achieving the task [14]: viable DM solutions provide a BAU below the measured
value, while viable BAU solutions overproduce DM through the DW mechanism, and
are thus excluded in the (2,3) ISS. The (2,2) ISS, where there is no DM candidate, is
nevertheless a viable scenario for BAU.
5 Conclusion
Sterile fermions can provide a common solution to the SM observational problems,
namely the neutrino masses and the lepton mixing, the existence and properties of
DM and the observed BAU. A minimal common solution for all the three problems is
provided in the νMSM, although the requirement of simultaneously viable BAU and
DM results in a quite fine-tuned scenario. The ISS provides an alternative mechanism
to account for both neutrino physics and DM, or for neutrino physics and BAU, but
BAU and DM solutions appear in different regions of the parameter space.
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